Phytoplankton production and associated variables were measured in Flax Pond, a 52 ha salt marsh on the north shore of Long Island, New York, from July 1972 to October 1973. Measurements made up to five times per day, once per week, yielded a mean annual net primary production, determined by the 14C technique, of 20.5 mg C/m3/h; daily means were as high as 60.0 mg C/m3/h. However, when productivity was calculated for the entire marsh ecosystem, the shallow water in the salt marsh produced only 11.7 g C/m 2 of marsh/year. There was a net flux of phytoplankton from the coastal waters into the marsh; during the summer up to O.2 g chlorophyll/m 2 of marsh was carried in with the tides daily and remained in the marsh. Analysis of the productivity data, as well as variables associated with productivity (pH, standing crop, nutrients, extinction coefficient), indicated that the aquatic portion of the marsh behaved more as a net consumer rather than a net producer of phytoplankton.
I ntroduction
The importance of production by phytoplankton in salt marsh systems has been poorly understood and difficult to quantify. Measurements of primary productivity in a system where the basic populations are transient has proven difficult, and not surprisingly results have not concurred (Ragotskie, 1959; Schelske and Odum, 1961; Teal, 1962; Williams, 1966; Qasim et al., 1969) . While some studies have recorded negative net phytoplankton production in intertidal areas (Ragotskie, 1959) , other studies have recorded high production (Schelske and Odum, 1961) . A review of salt marsh literature (Woodwell et al., 1973) showed that geographical location of the salt marsh, type of marsh (drowned river mouth, delta, etc.), extent of spartina spp. flats, and height of tide were all factors which caused great variation in phytoplankton production.
A good study of phytoplankton producnature of the ecosystem. Strong tides flooding the marsh once or twice per day bring in water with a potentially new chemical, physical, and biological regime (Odum, 1971) . Once the flooding waters have entered a marsh system, biological metabolism within the marsh and freshwater runoff serve to quickly alter the characteristics of the recent incoming tide. The study of phytoplankton within the salt marsh is further compounded by the numerous measurements necessary to quantify a dynamic system. Measurements of production and related variables are necessary on a temporal and spatial scale; samples should be taken weekly to measure seasonal variation, as well as throughout the day and in different locations to investigate small-scale spatial and temporal variations within the marsh.
The Study Area tion in salt marshes has eluded research-In 1972 a study of phytoplankton in Flax ers, in part, because of the dynamic Pond, a Long Island, New York, salt marsh was begun. This marsh is small *Research carried out at Brookhaven National Lab-(about 50 ha) with a drainage basin only oratory, supported by the U.S. Atomic Energy slightly larger than the marsh itself. Commission and the National Science Foundation
The small, sandy drainage basin did not under Grant No. AG-375.
produce any noticeable freshwater runoff (W0odwell and Pecan, 1973) . A well equipped New York State Conservation Laboratory is located directly on the edge of the marsh, providing a site for marshside sample processing, as well as a site for a small, continuously recording weather station. Flax Pond is a temperate salt marsh, dominated by two tides per day averaging 1.8 m in amplitude. Approximately 80% of the volume of water in the marsh is exchanged with each tide. Annual water temperatures range from -1.5 ~ to 29oc. The ecosystem is dominated by Spartina alterniflora, with some stands of s. patens. The history of the marsh and some salient points of hydrology and chemistry have been described by Woodwell and Pecan (1973) .
The marsh was the focus of an intense investigation carried out by Brookhaven National Laboratory from 1971 to 1974. Included in this ecosystem study were: exchanges of nutrients between the marsh and the nearshore aquatic environment, carbon budgets, and sedimentation rates (Armentano and Woodwell, 1975; Whitney et al., 1975; Woodwell et ai.,1975) . These data provided an exceptional supplement to the phytoplankton study.
Materials and Methods

Sampling Regime
Samples were collected from three locations in the salt marsh shown in Fig. I . One was in a shallow channel which drained a small area of marsh flats (A), the second was in a deep pond-like area which contained most of the residual water in the marsh at low tide (B), and the third was in a shallow channel which drained an extensive area of Spartina spp. flats (C).
Samples were collected in a plastic Van Dorn bottle cast from a flat-bottom boat powered by an air motor. The air motor was needed to sample shallow stations without disturbing soft-bottom sediments. Replicate casts were made at two of the three sampling locations. Measurements of submarine light and water temperature were made at every station. The water in the Van Dorn bottle was immediately split into fractions appropriate for analysis: 100 ml were placed in a small plastic bottle with I to 2 ml of Lugol's iodine for phytoplankton cell counts, I 1 was placed in a dark bottle for filtering in the lab, 250 ml were placed in a darkened bottle for nitrogen analysis, and the remaining water was used for 14C productivity determinations. Samples were collected on an everyother-hour basis one day per week. Samples were taken in the period from just after sunrise (first hour of the day) to just before sunset (last hour of the day).
14c Technique
Productivity estimates were made with the 14C technique (Steemann Nielsen, 1952) using modifications to correct for dissolved loss . Samples were incubated in situ at depths from which they were collected (usually from 0.25 to 2 m depth); three 125 ml bottles made up one incubation set consisting of two light bottles and one dark bottle. Each bottle was inoculated with from I to 4 ~Ci, depending on expected productivity. Care was taken not to light-shock phytoplankton while they were being lowered to incubation depths. Incubation periods were purposely kept short to prevent excessive bacterial growth (Lewis, 1974) and ranged from I~ to 3 h. Each series of incubations was terminated by placing the bottles in a dark box and filtering the samples through HA Millipore filters (0.45 ~) as quickly as possible. After the filters appeared dry, they were fumed over HCI. Dissolved release of incorporated 14C was measured by acidifying a small vial of filtrate with dilute H3PO 4 (to approximately pH 3.0 to 3.5), and bubbling N 2 gas through the sample for 5 min. Samples were counted on a scintillation counter and were corrected for quenching by channels ratio and external standards.
Physical and Chemical Data Collection
Surface sunlight intensities at Flax Pond were continuously recorded by a io.
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slightly higher levels of extraction (about 3 to 4% higher). All extraction procedures were carried out under a green (530 nm) light and every effort was made to keep extracted samples cool. The grinding procedure was basically the one described by SCOR-UNESCO (1969) . Extinctions were read using 10 cm cells from 750 to 480 nm on a Carey model 14R spectrophotometer. Spectrophotometric determinations of chlorophyll appeared better than fluorometric determinations as estuarine waters often have an abundance of non-chlorophyll fluorescing materials (Strickland and Parsons, 1972 
Results and Discussion
In Situ 14C Uptake
The results of the 16 months of 14C incubations showed relatively high uptake rates in Flax Pond. Fig. 2 shows the weekly means of carbon uptake (particulate plus dissolved) throughout the entire period; some weekly means were as search effort of Brookhaven National Lab-high as 60 mg C/m3/h, with individual inoratory, were recorded throughout the cubations exceeding 150 mg C/m3/h. entire 16-month sampling period. SubmaThe annual cycle of production showed rine light readings were made at all sta-a spring diatom bloom which began in tions by a calibrated submarine photomlate February of 1973, culminated in mideter. This photometer, fashioned after March, and died back rapidly to prethe description of Rich andWetzel (1969), bloom conditions in early April (Fig. 2) . provided readings in g cal/cm2/min for At the peak of the spring bloom the daiboth downwelling and upwelling light.
Water samples for nitrate and nitrite were placed, unfiltered, in clean 250 ml plastic bottles and refrigerated within I h of collection. Refrigerated samples were then frozen no more than 12 h after collection and kept frozen until determinations were made, usually I day after collection. Nitrate-nitrogen levels were measured by the procedure of Strickland and Parsons (1972) , cadmium reducing columns and azo dye. Levels of other important nutrients in the Salt marsh were measured as part of the Brookhaven Laboratory sampling program (Whitney et al., i975; Woodwell et al., 1975) . Nutrients included in these measurements were: NH3, SiO 4, total-PO 4, and soluble-PO 4.
Chlorophyll values were determined by a procedure that was modified from conventional grinding techniques. Up to 500 ml of water was passed through a GF/C filter which had been pretreated with 2 ml of 1% MgCO 3 solution. Two methods of extraction with 80% acetone were used, grinding and sonification. Both methods gave comparable results, although the sonification method yielded ly mean of carbon uptake exceeded 45 mg C/m3/h. Productivity remained low following the spring bloom (less than 10 mg C/m3/h) until mid-May, when summer growth began. Productivity values consistently exceeded 50 mg C/m3/h by midJune in 1972 and 1973. Crop assemblages shifted from diatom dominated to dinoflagellate dominated by late summer. Table I shows the major species components by season observed in the salt marsh, while Moll (1974) gives a more complete description of the plankton observed in the marsh. Production during the summer periods remained high (weekly means exceeding 30 to 40 mg C/m3/h) until middle August, when productivity slowly tapered, reaching winter levels by late October or early November. In 1972 and 1973 a fall bloom was readily observed by a shift in species composition (from a dinoflagellate dominated community to a Skeletonema costatum dominated community) and an increase in cell numbers. The fall bloom yielded moderately high levels of productivity, although not as high as either the summer growth period, or the spring bloom. Winter productivity were not as good because of the small sample size (n = 2). These results indicated that a different experimental design was needed to more adequately quantify 14C uptake on a less than daily basis. Separation of total 14C uptake into dissolved and particulate fractions showed that dissolved loss accounted for only a small part of total 14C uptake. Occasional estimates showed dissolved loss accounting for 15% of total uptake, but the annual average was only 2%.
The initial conclusion to these productivity estimates was that the fixation of carbon by phytoplankton in the salt marsh contributed significantly to the carbon pool of the marsh. However, the values reported above all were in terms of mg C/m3/h, and must be converted to mg C/m2/day. In Flax Pond, tides bringing water from Long Island Sound twice daily constantly changed the size and composition of the plankton crop, levels of dissolved nutrients, water depth, etc. Any one measure of photosynthesis was a good estimate of productivity for surrounding waters for a short period of time (no more than a few hours). Obtaining an estimate of marsh-wide production involved consideration of many variables including the extinction coefficient and tide height. Tide height influenced photosynthesis by increasing or decreasing the amount of water in the marsh. Changes in the tide induced changes in the extinction coefficient by washing debris from the mud flats into the water column. These considerations led to the development of an equation to predict photosynthesis by phytoplankton in Flax Pond with the use of multiple linear regression and calculus. A stochastic prediction of photosynthesis was developed with the use of productivity and related variables measured simultaneously 298 times. An equation using water temperature, chlorophyll concentrations, dissolved inorganic nitratenitrogen levels (Fig. 3) , and submarine light intensities yielded a good prediction of primary production. All variables were transformed by natural logs to correct skewed distributions (Sokal and Rohlf, 1969) basis directly, rather than finding production per square meter and converting 29 this to production for the whole marsh. The basic approach consisted of averaging 14C uptake values for the whole 24-marsh, calculating uptake from surface to bottom, considering submarine light ~9-extinction, and expanding this estimate of 14C uptake to the entire column of water in the marsh. This procedure was ~ 14' repeated every time a new measure of 14C uptake was made (once every other hour) until a daily estimate of carbon fixed 9 per marsh was obtained.
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24. Each point, expressed as kg C fixed, is estimaof 14C uptake by L.he regression equation, while tion of i day's production for entire marsh system shaded area covers the range of weekly 14C uptake values measured in the field (about • 2.0 mg C/m3/h) while yielding a high multiple correlation coefficient of 0.72. Fig. 4 shows the ranges of 14C uptake observed in the salt marsh and the daily means of 14C uptake as predicted by the regression equation. The fit was good in that very few predicted means fell outside the observed ranges.
An advantage of the development of a multiple regression equation was prediction of values (of the dependent variable) which were not measured in the field (Li, 1964) . In this case, knowledge of submarine light values allowed prediction of photosynthesis for the entire water column. In practice, the estimation of photosynthesis for the water column was made as follows: readings of nitrate-nitrogen, chlorophyll, water tions of photosynthesis were for a I m 2 water column. Adjustments were necessary to expand these predictions to the area of the salt marsh covered by water. These adjustments were made by the development of a functional relationship between tide height and volume of water within Flax Pond. Tide height was measured constantly during the entire sampling period.
These estimates of production were for the entire marsh from one set of observations. The independent variables in the equation were measured every other hour as a normal part of the sampling regime; these measurements, along with continuous measurements of solar radiation and tide height, allowed new predictions of primary production in the marsh temperature, and extinction coefficients every other hour. Multiplying the prewere made at all three stations and aver-dictions (which were in terms of carbon aged. Sunlight readings were recorded fixed for the marsh for I h) by the numcontinuously at the surface of the water, ber of hours between samples expanded Assuming chlorophyll, nitrogen, and wethe prediction of photosynthesis for ter temperature were homogenous in a water column (an inaccurate but useful assumption), a prediction of photosynthesis was made from surface to bottom continuously readjusting submarine light intensity. One prediction was made for the marsh based on an average extinction coefficient from a set of measurements at all three stations. The first prediction of photosynthesis was made using a light value at 0.25 m below the surface.
Flax Pond for I day. Repeating these calculations for each sampling date resulted in an annual budget of carbon fixed by phytoplankton based on once weekly observations. Multiplication of the once weekly marsh-wide production estimates for the day by 7 (days in a week) resulted in the final estimate of annual carbon fixed by phytoplankton. Fig. 5 shows that phytoplankton within Flax Pond annually fixed 5.871 x 106 g The next prediction was made using a of carbon for the year ending July 14, light value 0.5 m below the surface. Con-1973. This was 11.7 g carbon fixed per tinuing light value substitutions at square meter of marsh surface per year 0.25 m intervals gave a prediction of (approximately 23.4 g dry organic matphotosynthesis from the surface to the ter). Although we found high production bottom. The surface to bottom predicon a unit volume basis in Flax Pond, pro-duction of a m 2 basis was much lower than found in Long Island Sound (Riley, 1956) . A possible explanation for the low production was that Flax Pond salt marsh as a shallow water system had a very small volume of water for photosynthesis during much of the tidal cycle.
Daily production values were affected if high tide occurred at noon, presenting a large volume of water for photosynthesis during the day; or in the early morning, presenting a small volume of water for photosynthesis during the day.
conditions in Flax Pond prevailed in a water column in Long Island Sound, primary production would have been high (2.96 x 108 g of carbon fixed per year for the entire area, or 593 g/m2/year). These predictions for Flax Pond would have been better if there had been more reliance on empirical observations rather than predicted values. However, the quantity of empirical observations needed for a measure of marsh-wide photosynthesis without reliance on any predictive techniques would be prohibitive. The fact that the standard error of the predicted mean (~) was 1.O52 mg/m3/h Analysis of Parameters Associated ~th Production meant that a typical summer day estimate of marsh-wide photosynthesis was plus or One advantage of multiple regression is the extrapolation of the predictive formula to conditions not measured during sampling (Li, 1964) . The regression equation was used to determine the difference in photosynthesis between cloudy and sunny days. All variables were left unchanged from their observed state, except surface radiation. Whenever samples were taken on a cloudy day, the sunlight values of the cloudy day were replaced with sunlight values of a sunny day occurring one or two days prior to or after the sampling date. The entire data set was reanalyzed using all sunny days, and marsh-wide photosynthesis repredicted. Table 3 compares the esti ~ mated production in Flax Pond with the different modifications made to each set of predictions.
The effect of high tide on marsh-wide production was investigated in a similar manner. All variables in the regression equation were left unchanged, while tide height data (used in the calculations of marsh-wide production, although not a variable in the predictive equation) were altered to simulate high tides occurring at midday. Under these conditions the maximum volume of water would be in Flax Pond during the hours of brightest sunlight. The combination of both sunny days and midday high tides produced predictions of a few very productive days, but basically the results showed little change from normal high tides and sunny days (Table 3) .
One final set of predictions was made to simulate conditions near-shore in Long Island Sound. All variables were input to the predictive calculations in their original observed state. The area of the surface of the water column was made equivalent to the area of the surface in Flax Pond at high tide and the bottom was considered to be 15 m down. Productivity predictions were made using observed values of sunlight, extinction coefficient, nutrients, etc., from Flax Pond. These predictions showed that if minus 370 g of carbon fixed (about 3.6% of the estimated value).
Net Flux of Phytoplankton
The high levels of nitrogen and other nutrients in Flax Pond could readily stimulate phytoplankton production in Long Island Sound when ebb tides bring these nutrient-rich waters out of marsh systems. The final calculations made using the predictive equations implied an enhanced production in Long Island Sound by water coming out of the marshes on ebbing tides. This finding led us to reconsider the net exchange of phytoplankton between Flax Pond and Long Island Sound. Samples for chlorophyll biomass and cell counts were taken as a routine part of the net exchange sampling carried on by Brookhaven National Laboratory. Analysis of these samples showed a consistent and high influx of chlorophyll to Flax Pond with the tides (Fig. 6) . Up to O.1 gram of chlorophyll was lost per square meter of marsh covered by water at high tide on the exchange of one summer tide. This net loss of phytoplankton was supported, to a lesser extent, by measures of total particulate carbon exchanged with the tides .
Heterotrophy in Flax Pond
The net flux of chlorophyll (Fig. 6) as well as the measurements of 14C uptake within the marsh indicated that Flax Pond salt marsh was not a producer of phytoplankton. Preliminary measurements of benthic respiration in the marsh showed high metabolic activity during warm weather. Readings of pH taken throughout the day in the marsh creeks and embayments showed CO 2 build-up was sufficiently high to often require a half day of photosynthesis to offset (Fig. 7) . However, the [972-X. 1973 VTI. 1972 -VII. 1973 X. 1972 -X. 1973 VII, 1972 -X. 1973 VII. 1972 -VII. 1973 X. 1972 interpolation of pH-CO 2 data from a shallow, tidal embayment was difficult. The pH, CO 2, 14C, sunlight and temperature data from July 23 and 30, 1973 (Table 4) , show the complexity of the metabolic activity of the marsh system. These data demonstrate that on two dates when 14C uptake, temperature, and sunlight were comparable, pH values were very different; July 23 had a pH range of 0.31 units, while July 30 had a range of 0.59 units. The time of high tide (hour of day when fresh water was brought into the marsh), amount of respiration in the water, and benthic respiration apparently had an effect on the pH of marsh water. The complex nature of these results raised some doubts as to the applicability of using any type of free-water method (Odum, 1956; Hall, 1972) to predict primary production in a salt marsh. Any prediction of primary production using pH or oxygen would require deciphering the combined effects of time of tide, pH of incoming tidal waters, autotrophic production, and heterotrophic respiration within the marsh. These data suggest that freewater pH and/or oxygen measurements should only serve as a supplement to bottle methods, not as a replacement.
The 14C uptake (Fig. 2) , chlorophyll net flux (Fig. 6) , and pH data (Fig. 7) indicated that phytoplankton within the marsh did not add considerably to the carbon pool of the marsh. The incoming tidal water, on the other hand, brought in a good supply of phytoplankton (measured as chlorophyll biomass), much of which was left in the ecosystem. The ultimate fate of the phytoplankton left in the marsh was not determined from this study, but simple speculation was possible. Any casual visit to a salt marsh system such as Flax Pond reveals the abundance of benthic filter-feeders (filter-feeding worms and shellfish; Hechtel, 1969) . These filter-feeders could readily reduce the standing stock of phytoplankton in salt marsh waters, making these systems dependent on sources of primary production from another ecosystem (in this case Long Island Sound). The possibility that the plankton could settle out of shallow, warm back-waters of the marsh at high tide cannot be neglected.
ported by high levels of nutrients in the salt marsh. The initial impression was that production by phytoplankton within the marsh would add significantly to the carbon pool of Flax Pond. However, when the productivity values were reduced by the combined effect of high extinction coefficients and the shallow basin of water available for photosynthesis, the net production by phytoplankton in the marsh was small. Dividing the net production estimates by the number of square meters in the entire marsh system resulted in only 11.7 g carbon fixed by phytoplankton per square meter of marsh per year, a small fraction of normal near-shore production (Steele, 1974) .
The relatively small amount of carbon fixed by phytoplankton in the salt marsh raised doubts as to the ability of the marsh to conform to the role of a net exporter of plant material, or at least phytoplankton (Odum, 1971; Day et al., 1973) . Analysis of water exchanged between the salt marsh and the near-shore aquatic environment showed the salt marsh was a consistent and often large consumer of phytoplankton. However, the salt marsh may greatly stimulate phytoplankton production by releasing nutrient-rich water into the near-shore waters (Whitney et ai.,1975) . Once the nutrient-rich (particularly nitrogenenriched) water coming from Flax Pond reaches more open waters (Long Island Sound), there is sufficient light and depth of water to allow high rates of photosynthesis to develop.
The production and net flux of phytoplankton in Flax Pond did not appear to conform to the same scheme as has been observed in some of the southeastern United States salt marshes studied (Williams, 1966; Odum, 1971; Day et al., 1973) . Whether this ecosystem is less productive than other salt marsh ecosystems because of climate, size, drainage basin, or location is as yet undetermined. Studies of other salt marshes, such as that of Nixon and Oviatt (1973) , should reveal some underlying causes in the functioning of these ecosystems. However, for the time being we may have to reevaluate the role of phytoplankton in some salt marshes in terms of ecosystem structure and function.
Conclusions
Flax Pond salt marsh has shown some interesting contrasts in terms of the importance of phytoplankton to marsh ecosystems. Productivity on a mg C/m3/h basis was quite high, evidently sup-~ 
